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(54) Method and apparatus for determining cardiac output or total peripheral resistance 



(57) A method and apparatus determines continu- 
ously mean cardiac output by measuring the arterial 
pressure e.g. at a finger and calculating therefrom the 
mean arterial pressure and the time constant of the ar- 
terial system (in diastole). Compliance values are pro- 
vided from atable. Mean cardiac output is then the prod- 



uct of mean arterial pressure and compliance divided by 
the time constant. Changes in cardiac output can be 
used for diagnostic purposes. A pressure cuff or pres- 
sure tonometer can be used to measure the arterial 
pressure with a microcomputer providing the necessary 
calculations. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to a method for 
determining cardiac output ortotal peripheral resistance 
from the measurement of an arterial pressure waveform 
and in particular from a non invasive measurement of 
peripheral circulation. 

[0002] While it is preferred to use a non-invasive tech- 
nique to measure the arterial pressure waveform, an in- 
vasive technique such as the use of an intra-arterial 
catheter can also be used. While such a technique is 
more accurate its use is more restricted to qualified per- 
sonnel and has more limited use. 

BACKGROUND OF THE INVENTION 

[0003] Intra arterial catheters are in common use dur- 
ing major surgery. These are commonly attached to 
pressure transducers and the electrical signal is proc- 
essed to display the pressure waveform as a trace on a 
visual display monitor. The display indicates systolic, di- 
astolic, mean arterial pressure and heart rate. 
[0004] At present the most reliable and accepted 
m eth o d of m eas u ri n g card i ac o utp ut f o r s u rg ical pati ents 
derives the cardiac output from a thermodilution tech- 
nique using the insertion of a pulmonary artery catheter. 
The procedure is potentially dangerous as the catheter 
must be passed through the right heart for correct place- 
ment. In children it is considered that the danger of the 
technique outweighs any benefits from the information 
received. 

[0005] Non invasive techniques for determining car- 
diac output include Doppler ultrasonography using an 
oesophageal probe and echo cardiography using a 
probe on the chest wall. The equipment for these tech- 
niques is bulky, expensive and unsuited to routine the- 
atre use where space is of a limited nature especially 
during major surgery. 

[0006] Othertechniques for measuring cardiac output 
use expired gas analysis using a variety of gases. Most 
of these techniques are experimental only and have not 
been accepted for general clinical use. 
[0007] Another form of measurement involves a dye 
dilution technique but it is of limited use as it does not 
allow frequent repeated measurement. 

SUMMARY OF THE INVENTION 

[0008] The present invention seeks to overcome the 
disadvantages in the prior art and to provide a simpler 
and easier method for obtain ing cardiac output by meas- 
uring the arterial pressure waveform and in turn provid- 
ing measurement of cardiac output or total peripheral 
resistance. 

[0009] According to the invention there is provided a 
method for deriving cardiac output in a patient including 



the steps of: measuring continuously the arterial pres- 
sure at a point within the cardiovascular system; deter- 
mining the mean arterial pressure by integrating the said 
arterial pressure waveform with respect to time and av- 
5 eraging; determining the compliance of the arterial sys- 
tem for the patient; determining the time constant of the 
arterial system from the arterial pressure waveform and 
deriving the mean cardiac output as the product of the 
mean arterial pressure and compliance divided by said 
10 time constant. 

[0010] The time constant of the arterial system corre- 
sponds to the time from the dicrotic notch to the time 
where the slope of the arterial pressure waveform at the 
dicrotic notch intersects the time axis, equivalent to ex- 
trapolation of the waveform to zero arterial pressure. 
The dicrotic notch corresponds to the pulse in the arte- 
rial pressure waveform produced by aortic valve clo- 
sure. 

[0011] Total peripheral resistance can be derived from 
these factors by dividing the time constant by compli- 
ance. 

[0012] The compliance of the arterial system is ob- 
tained from a set of nomograms which are normalised 
and based on the weight, height, age and sex of a pa- 
tient. 

[0013] Other factors can be determined from these 
measurements including stroke volume which is the 
mean cardiac output divided by the heart rate. Cardiac 
contractility can be derived from the positive slope of the 
arterial pressure waveform, maximum contractility be- 
ing taken from the steepest part of that slope which can 
then be displayed both as a rate of change of pressure 
or, when the stroke volume is known, as the rate of 
change of volume. Other determinations that can be 
provided by the current measurement techniques in- 
clude the ejection period which is the interval from the 
commencement of the upswing of the arterial pressure 
waveform to the dicrotic notch. 

[0014] Other parameters can also be determined from 
the above measurements, the explanation of which is 
made below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The present invention will now be described 
with respect to the following figures in which: 

Figure 1 shows the arterial pressure waveform of a 
patient plotted with respect to time measured at a 
peripheral location, for example in a finger of a pa- 
tient; 

Figure 2 shows a block diagram of an apparatus for 
performing the method according to the invention; 
and 

Figure 3 shows a flow chart for the apparatus of Fig- 
ure 2 for providing the values that can be deter- 
mined according to the invention. 
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PREFERRED MODES FOR PERFORMING THE 
INVENTION 

[0016] As shown in Figure 1, the arterial pressure 
waveform rises and falls with the activity of the heart, 
the upswing 10 corresponding to the contraction of the 
heart. This rises to a maximum known as the systolic 
blood pressure 12 and falls to a notch 14 called the di- 
crotic notch indicative of the closure of the aortic valve. 
As the pressure declines past the dicrotic notch 14 it 
reaches a minimum at 1 6 corresponding to the diastolic 
blood pressure, before contraction again of the heart 
muscle increases the blood pressure and the cycle re- 
peats. 

[0017] The period from the minimum point 16 in the 
curve to the next successive dicrotic notch 1 4 is known 
as the ejection period 17. 

[0018] The arterial pressure waveform, as shown in 
Figure 1 , can be measured by a non invasive technique 
such as the Penaz technique described in US patent 
4,869,261 .This method employs a cuff placed aboutthe 
finger attached to a transducerto measure pressure and 
includes an air pump with a servocontrol valve allowing 
the cuff to be inflated. An infra red light emitting diode is 
also employed in combination with a photocell to act as 
a photoplethysmograph. The photocell measures ab- 
sorption at an infra red wavelength appropriate for arte- 
rial blood and thus detects the volume of arterial blood 
in the finger underthe cuff. This volume varies according 
to the degree of distention of the arteries during systole. 
An electronic processor analyses the photoplethysmo- 
graph to determine the volume at a point set according 
to the mean arterial pressure. Then the servocontrol 
valve at the air pump acts as a feed back mechanism 
continuously inflating or deflating the finger cuff in order 
to maintain the photoplethysmograph output constant at 
the said point. The pressure at the transducer conse- 
quently gives a continuous tracing of arterial pressure. 
[0019] An alternative method for measuring the arte- 
rial pressure waveform non-invasively is to employ a 
pressure tonometer technique such as used in the ap- 
paratus sold as the SphygmoCorMx (trade mark) or 
SphygmoCorPx (trade mark)system. 
[0020] The arterial pressure waveform can also be 
measured by an invasive technique such as employed 
forcontinuous monitoring of blood pressure. In this tech- 
nique, a cannula, placed percutaneously in an artery, for 
example, the radial artery, is connected to a pressure 
transducer through a fluid filled non-compliant manom- 
eter line incorporating a continuous and intermittent 
flush device (see Hinds CJ, Watson D "Intensive care: 
a concise textbook" WB Saunders 1 996). The electrical 
output from the pressure transducer provides the arte- 
rial pressure waveform signal. The pressure transducer 
and monometer line are supplied in disposable sterile 
packages for immediate use and are supplied by such 
companies as Datex/Ohmeda, Abbott, Baxter, Beckton- 
Dickinson. 



[0021] An invasive technique is more accurate than a 
non-invasive technique but in this technique a small er- 
ror will occur if the time constant of the transducer and 
manometer lines is ignored. This error is in the region 

5 of 2%-5%. This error can be corrected for if the time con- 
stant is measured. Measuring involves pressuring the 
manometer line at the arterial end, ensuring a stable 
reading from the pressure transducer and then record- 
ing the pressure drop which occurs with the sudden re- 

10 lease in pressure at the arterial end of the manometer 
line. The time constant is then the tangent to the curve 
of the pressure drop. The time constant was found to be 
the same for pressures of 100mm Hg, 200mm Hg and 
300mm Hg covering the range of arterial pressures met 

15 in clinical practice. A Datex/Ohmeda system including 
transducer and manometer line was measured to have 
a time constant of 50 milliseconds. To correct for this 
error, the time constant for the pressure transducer and 
manometer line is subtracted from the time constant of 

20 the arterial system measured according to the invention 
as described herein. 

[0022] Once the arterial pressure waveform has been 
measured various parameters can be derived therefrom 
in the following manner. 

25 [0023] The mean arterial pressure can be obtained by 
integrating the arterial pressure waveform over a period 
of several seconds and averaging the result. In ill pa- 
tients or patients under artificial respiration or ventila- 
tion, for example it has been found that cardiac output 

30 often varies from one heart beat to the next and aver- 
aging over a long enough interval is required to obtain 
a reliable measurement. A period of fifteen seconds is 
considered suitable for this purpose. 
[0024] The compliance of the arterial system, that is 

35 the ability of the system to be able to respond elastically 
to given loads or inputs is relatively constant with re- 
spect to such factors as weight, height, age and sex. A 
table of such compliances can be determined for a pop- 
ulation as a function of the weight, height, age and sex 

40 of a patient. 

[0025] One method for determining the compliance is 
based on the following analysis. Normal blood volume 
may be taken as 85 ml. per kilogram body weight 
(SCHOLAR H. Am. Heart J. 1965, 69, 701). Reduction 

45 of these values by 1 0% should be made for obese sub- 
jects and the elderly (ALBERT S. N. Blood Volume. 
1963). The percentage of the blood volume contained 
in the arterial system is 11% of the total blood volume, 
comprising 2% in the aorta, 8% in the arteries and 1% 

so in the arterioles (WILLIAM F. GANONG. Review of Med- 
ical Physiology. 15 th edition p534.). 
[0026] It has been found in healthy patients that the 
arterial system has an overall increase in size of 25% 
with a pressure rise of lOOmm.Hg.. The aorta is very 

55 distensible, and shows the largest increase in volume 
compared to other components of the arterial system. 
While the arteries have more blood volume, they are 
less distensible (KELMAN G. R. Applied Cardiovascular 
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Physiology 1971 p73.). 

[0027] Blood pressure/volume relationships between 
the ages of 20 and 75 years show decreasing compli- 
ance with age which, although similar and fairly linear 
at low pressures, show large differences at higher pres- 
sures (JOSEPH BOYLE 111 2 nd edition Physiology, 
NMS 1991 P93.) 

[0028] Thus a basis for deriving arterial compliance 
for a patient is based on factors of weight, height, age 
and blood pressure. The sex of a patient may also be 
relevant. Nomograms and formulae for compliance 
based on the height and weight of a subject are available 
(NADLER, S. B. HIDALGO J.V. and BLOCH T Surgery 
1962 51224 ). 

[0029] A basic compliance figure can be derived from 
the following calculation: 

Assuming that the total blood volume is 85 millili- 
tres per kilogram body weight and that 11% is in the ar- 
terial system gives afigure of 9.35 millilitres of blood per 
kilogram body weight in the arterial system; compliance 
for a 25% increase in arterial volume is 2.3375 ml./ 
lOOmm. Hg. pressure change; thus the base figure for 
computing compliance is .023375ml. /mm. Hg./kg. body 
weight. 

[0030] For a 70 kilogram young healthy adult this 
would give a compliance of 1 .63625ml./mm.Hg.. 
[0031] A table of compliance can therefore be gener- 
ated for factors such as age, height, and weight from 
which compliance can be determined. 
[0032] After multiple cardiac output measurements 
have been checked by using this method simultaneous- 
ly with other cardiac output monitors of existing design, 
statistical analysis will indicate the need for any correc- 
tion factors. As mean arterial pressure and the time con- 
stant are both accurately measured, any correction will 
only apply to the compliance tables. This will then im- 
prove the accuracy of future cardiac output measure- 
ments. 

[0033] Intra-arterial pressure measurements are pre- 
ferred for accuracy but non-invasive methods using a 
derived calibrated arterial trace will be sufficiently accu- 
rate for the many clinical purposes where an intra-arte- 
rial line will not be justified, e.g. hospital outpatients or 
doctors consulting rooms. 

[0034] For accuracy it is also necessary to correct the 
compliance for absent limbs, or during surgical proce- 
dures for periods when a tourniquet is applied to a limb 
or during surgical clamping of a major artery. 
[0035] While compliance figures derived from the 
above method may be initially less accurate than desir- 
able, the current method is of value in continuous mon- 
itoring as changes in cardiac output, or in total peripheral 
resistance rather than absolute values, per se, will be of 
great value. For example, in situations where blood loss, 
or fluid replacement, or the effect of drugs is being mon- 
itored such changes in cardiac output or total peripheral 
resistance will enable earlier corrections to be made. 
[0036] An alternative method of obtaining the compli- 



ance of the arterial system is by measuring the pulse 
wave velocity. The rate of travel of a pulse wave is in- 
versely proportioned to the compliance of a given sys- 
tem. So, for example, a non invasive tonometric meas- 

5 urement of the time interval between the carotid and 
femoral pulse waves may be used to determine pulse 
wave velocity and so derive compliance. A device for 
measuring the pulse wave velocity is sold as theSphyg- 
moCorVx system (trademark) by PWV Medical Pty Ltd. 

w [0037] Immediately following the dicrotic notch, corre- 
sponding to the closure of the aortic valve, the arterial 
system becomes the electrical equivalent of a capacitive 
system with a resistive leak. The arterial vessels with 
their volume and elasticity provide the capacitance of 

*5 the system while the flow through the small arterioles is 
the leakage volume through a resistance equivalent. 
The rate of drop of pressure in the arterial system is in- 
dicative of the slope of the arterial pressure waveform 
after the dicrotic notch 14. If the time interval from the 

20 dicrotic notch 14 to the time 15 at which the projection 
of this line intersects the point of zero arterial pressure 
on the pressure scale, that is , the intersection with the 
time axis, is measured then that time interval 20, as 
shown in Fig. 1 , will correspond to the time constant of 

25 the arterial system. 

[0038] Using these determinants of mean arterial 
pressure, compliance and time constant, it is possible 
to calculate the cardiac output by first calculating the to- 
tal peripheral resistance since the product of compli- 

30 ance and total peripheral resistance equals the time 
constant 20 determined for the system. The calculated 
total peripheral resistance can then be used with the 
measured mean arterial pressure to calculate the mean 
cardiac output. The mean cardiac output is the mean 

35 arterial pressure divided by the total peripheral resist- 
ance. That is, mean cardiac output is equal to the prod- 
uct of mean arterial pressure and compliance divided by 
the time constant. 

[0039] Having determined the mean cardiac output, 

40 the stroke volume is the mean cardiac output divided by 
the heart rate. The heart rate is the inverse of the period 
of the arterial pressure waveform, that is : the inverse of 
the time between successive times of the waveform, for 
example times 12 of systole, which can be measured 

45 from the arterial pressure waveform. The maximum car- 
diac contractility is derived from the maximum 22 of the 
upswing 10 of the arterial pressure waveform which can 
then be displayed either as a rate of change of pressure 
or, if stroke volume has been calculated : as the rate of 

50 change of volume. 

[0040] The cardiac index can be derived as this re- 
lates the cardiac output to the body surface area based 
on an existing formula relating height and weight of a 
patient. One further parameter which may be useful to 

55 display is the systolic pre-ejection period which is the 
period from the commencement of the ventricular activ- 
ity until the commencement of the pressure rise. The 
ventricular electrical activity can be measured with an 
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electrocardiograph. Because there is a delay in the 
pulse signal travelling from the heart to the transducer, 
a microphone can be used over the aortic valve to give 
a signal corresponding to the sound of the aortic valve 
closing, which signal will be marginally ahead of the dis- 
played dicrotic notch, to allow a correction for the accu- 
rate determination of this action in time. 
[0041] The role of the new system will be of value as 
an indication from moment to moment of changes in car- 
diac output and peripheral resistance. Any changes as- 
sociated with blood loss orfluid replacementwill be seen 
as will be changes associated with the administration of 
any anaesthetic agents or other drugs. Achieving ade- 
quate peripheral perfusion will be greatly facilitated and 
the method could play a role in patient management in 
intensive care as well as in the operating theatre. The 
method has application in accident and emergency units 
as well as in general wards. It is assumed that an indi- 
vidual's arterial compliance does not change greatly 
over a small period of time although it does change grad- 
ually over the years and hence once this has been de- 
termined, the parameters displayed by a patient are 
easy to identify from a given starting base, making dys- 
function more readily determinable. 
[0042] It is also contemplated that the method could 
have application in veterinary practices where suitable 
management of arterial pressure can be made. 
[0043] The apparatus for determining these factors 
can be made portable making it useful for on site emer- 
gency procedures or for at home patient care. 
[0044] Any micro controller or micro computer well 
known to thetechnician in the field of electronics or med- 
ical electronics can be used as a programmable device 
to measure and calculate the above stated parameters. 
Compliance tables can be provided in a ROM chip or, if 
compliance values are to be upgradeable in an EEP- 
ROM or a Read Mostly Memory (RMM chip) and the ar- 
terial pressure can be measured by a transducer with 
the values inputted to the microprocessor or microcon- 
troller after conversion to a digital form. The hardware 
and software components are well known in the art and 
it is within the skill of a person of average ability in the 
art to construct a device to determine these parameters 
or write software to operate the microcontroller or mi- 
croprocessor to perform these functions. 
[0045] For example ; as shown in figure 2, a typical ap- 
paratus involves a computer 50 having an input 52 from 
sensors 54, 56, 58 corresponding respectively to an ar- 
terial pressure waveform transducer, an acoustic trans- 
ducer and one or more electrocardiographic leads. The 
computer 50 involves a processing unit 53 operated un- 
der software control in RAM 55 or ROM 57 which per- 
forms a series of software steps such as set forth in fig- 
ure 3. The output of these software steps provides val- 
ues which can be displayed as tables 61 , 63, 65, 67 in 
an output device 60 such as a visual display unit, a cath- 
ode ray tube, a meter or similar device, a printer 59, or 
may be input into a further communication device 62 for 



transmission to a remote location either over a phone 
line or via wireless link, 69, including radio, optical fibre, 
microwave link or the like. A meter may be an electro- 
mechanical device or may be a light emitting diode dis- 

5 play or a liquid crystal display. 

[0046] Referring to figure 3, the series of software 
steps perform the following operations. The peripheral 
arterial pressure trace is input through the input device 
as discussed above. The trace may be converted from 

10 an analogue form to a digital form for processing by the 
computer if it is a digital computer. It is also contemplat- 
ed that the various calculations and outputs can be per- 
formed using an analoguecomputer although this is less 
preferred. 

15 [0047] Once the trace has been converted to a digital 
form, the trace is sampled over a period of typically 15 
seconds and averaged to provide the average arterial 
pressure (step 100). 

[0048] The time constant is calculated by analysing 
the slope of the trace at the dicrotic notch and extrapo- 
lating this slope to zero pressure (step 102). When the 
aortic valve closes the arterial pressure waveform in- 
cludes noise components due thereto. Measurement of 
the slope is therefore delayed to minimise the effect of 
such noise and is sampled a number of times every mil- 
lisecond after valve closure to determine the reliability 
of the measurement. In addition the slope is then aver- 
aged for a number, for example 15, heartbeats. The 
computer has available a table of compliances , for ex- 
ample, stored in ROM device 57, derived, as discussed 
above, from a series of nomograms or derived from a 
pulse wave velocity technique determined concurrently 
with the arterial pressure waveform (step 104). The time 
constant is divided by the compliance to determine the 
total peripheral resistance (step 106). The total periph- 
eral resistance can then be used with the mean arterial 
pressure to determine the cardiac output (step 1 08). The 
cardiac output can then be used to determine a variety 
of subsequent values including the cardiac index (step 
1 1 0) and the stroke volume (step 1 1 2). 
[0049] From the arterial pressure trace the maximum 
slope of the upswing of the arterial pressure wave from 
the start of systole provides contractility (step 114). The 
stroke volume can be used to then express the cardiac 
contractility as a rate of change in volume. 
[0050] Calculation of the period from the start of the 
upswing in the arterial pressure waveform until the di- 
crotic notch provides the ejection period in seconds ( 
step 116). 

[0051] Combining the arterial pressure waveform with 
an ECG input from the input 58 and the microphone 56 
located over the aorta (to detect closure of the aortic 
valve) can be used to derive the pre-ejection period 
(step 118). 

[0052] The outputs from these calculations or steps 
can then be displayed in a tabular, or numerical or his- 
tographic form 120 for interpretation while the arterial 
pressure waveform is displayed as an analogue trace 
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1 22. The display of output values 1 20 may, for example 
include the values of: systolic pressure, diastolic pres- 
sure, heart rate, mean arterial pressure, compliance, to- 
tal peripheral resistance, cardiac output, cardiac index, 
stroke volume, maximum contractility (expressed as 
volume and/or pressure change), ejection period and 
pre-ejection period. 

[0053] Alternatively, these values may be transmitted 
to a remote location through a telecommunications link 
69 for evaluation by a specialist, for example, in a road 
side emergency or in a home care environment. 
[0054] It is not considered necessary to include the 
exact sequence of steps for calculating the various val- 
ues in the flow diagram shown with respect to figure 3 
as this is within the skill of an average programmer or 
workman in the field. 

[0055] Although the invention has been described 
above with respect to a preferred embodiment thereof 
other implementations are contemplated within the 
knowledge of a person skilled in the art. For example, 
some other technique other than the Penaz method, 
PWV Medical's method or an invasive method using a 
catheter in the radial artery may be used to determine 
the arterial pressure waveform. 



Claims 

1 . A method for deriving cardiac output in a patient in- 
cluding the steps of: measuring continuously the ar- 
terial pressure at a point within the cardiovascular 
system; determining the mean arterial pressure by 
integrating the said arterial pressure waveform with 
respect to time and averaging; determining the 
compliance of the arterial system for the patient; de- 
termining the time constant of the arterial system 
from the arterial pressure waveform and deriving 
the mean cardiac output as the product of the mean 
arterial pressure and compliance divided by said 
time constant. 

2. A method for deriving a cardiac output in a patient 
as claimed in claim 1 wherein said step of determin- 
ing compliance is determined from a table express- 
ing compliance as a function of weight, height, age 
and sex of patient. 

3. A method for deriving cardiac output in a patient as 
claimed in claim 1 wherein said step of determining 
compliance is determined by measuring pulse wave 
velocity. 

4. A method for deriving cardiac output in a patient as 
claimed in claim 2 or claim 3 wherein said time con- 
stant is the rate of change of the arterial pressure 
waveform substantially at the dicrotic notch. 

5. A method for deriving cardiac output in a patient as 



claimed in claim 4 wherein said rate of change is 
the slope of the arterial pressure waveform from the 
dicrotic notch extrapolated to zero arterial pressure. 

5 6. A method for deriving cardiac output in a patient as 
claimed in any one of claims 1-5 further including 
the step of measuring heart rate and calculating 
stroke volume by dividing said mean cardiac output 
by said heart rate. 

w 

7. A method for deriving cardiac output in a patient as 
claimed in claim 6 wherein said step of measuring 
heart rate includes measuring the pulse period of 
said arterial pressure waveform and taking the in- 

15 verse thereof. 

8. A method for deriving cardiac output in a patient as 
claimed in claim 7 wherein said arterial pressure is 
measured using a finger cuff technique. 

20 

9. A method for deriving cardiac output in a patient as 
claimed in claim 7 wherein said arterial pressure is 
measured using a pressure tonometer. 

25 1 0. A method for deriving cardiac output in a patient as 
claimed in claim 7 wherein said arterial pressure is 
measured using an intra-arterial catheter and pres- 
sure transducer arrangement. 
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